Abstract Manganese is an essential dietary nutrient and trace element with important roles in mammalian development, metabolism, and antioxidant defense. In healthy individuals, gastrointestinal absorption and hepatobiliary excretion are tightly regulated to maintain systemic manganese concentrations at physiologic levels. Interactions of manganese with other essential metals following high dose ingestion are incompletely understood. We previously reported that gavage manganese exposure in rats resulted in higher tissue manganese concentrations when compared with equivalent dietary or drinking water manganese exposures. In this study, we performed follow-up evaluations to determine whether oral manganese exposure perturbs iron, copper, or zinc tissue concentrations. Rats were exposed to a control diet with 10 ppm manganese or dietary, drinking water, or gavage exposure to approximately 11.1 mg manganese/kg body weight/day for 7 or 61 exposure days. While manganese exposure affected levels of all metals, particularly in the frontal cortex and liver, copper levels were most prominently affected. This result suggests an under-appreciated effect of manganese exposure on copper homeostasis which may contribute to our understanding of the pathophysiology of manganese toxicity.
Introduction
Manganese (Mn), an essential trace element, is involved in a variety of enzymatic and cellular processes required for normal growth and development (Roth 2006) . Mn tissue concentrations are maintained within a narrow physiological range through regulation of processes involved in its absorption, distribution, and excretion (Aschner and Aschner 2005) . Ingestion from dietary sources is the principle route of Mn acquisition and is regulated mainly by the gastrointestinal and hepatobiliary systems (Aschner and Aschner 2005; ATSDR 2012) . However, Mn is toxic when excess intake and retention occur. Those at risk for developing Mn toxicity include individuals with hepatic dysfunction, individuals with inherited defects in Mn excretion, and Mn miners and welders (Butterworth 2010; Quadri et al. 2012) . Affected individuals develop Mn-induced neurotoxicity, known as manganism, with symptoms resembling Parkinson's disease (Racette 2014) .
There is growing epidemiological data suggesting that ingestion of Mn can be neurotoxic, especially to younger populations (Woolf et al. 2002; Wasserman et al. 2006; Bouchard et al. 2011; Oulhote et al. 2014) . There is also growing evidence that the rate of Mn intake following ingestion may be an important risk factor. For example, Bouchard reported that Mn intake from water, but not diet, correlated significantly with Mn deposition in children's hair samples (Bouchard et al. 2011) . We previously performed a pharmacokinetic evaluation of the equivalency of gavage, dietary, and drinking water exposure to Mn in rats (Foster et al. 2015) . Male F334 rats were exposed to approximately 11.1 mg Mn/kg body weight/day through diet, water, or gavage for 7 or 61 days, then analyzed for tissue and fluid Mn levels. Gavage resulted in an approximate doubling of brain Mn concentration, a change that is often observed following prolonged inhalation (Foster et al. 2015) . The rate at which Mn reached steady-state levels differed by tissue, which may reflect tissue-specific differences in metal storage capacity and rates of saturation. Relative to gavage, dietary and water exposures resulted in fewer increases in tissue Mn concentrations.
Essential metals often share similar transport mechanisms (Ehrnstorfer et al. 2014) . For example, both Mn and iron (Fe) can be transported into the cell by the transferrin cycle and by divalent metal transporter 1 (DMT1) (Roth 2006; Gunter et al. 2013) . DMT1 can also transport copper (Cu) and zinc (Zn) and is expressed in most organs and cell types (Zheng et al. 2012) . Ferroportin, a cellular Fe exporter essential for dietary Fe absorption, has also been implicated in Mn transport (Madejczyk and Ballatori 2012) . These observations suggest that Mn ingestion will likely perturb tissue levels of Fe, Cu, and Zn. Here we report and discuss tissue Fe, Cu, and Zn levels in rats exposed to 11.1 mg Mn/kg body weight/day through diet, water, or gavage for 7 or 61 days.
Materials and methods
This study built on a previous study evaluating the pharmacokinetic equivalency of dietary, drinking water and gavage Mn exposures in male F344 rats (Foster et al. 2015) . Briefly, 9-11 7 week-old rats were exposed to four different regimens: control (AIN-93G diet with 10 ppm Mn); high-dose diet (AIN-93G diet with 200 ppm Mn, intake equivalent to 11.1 mg Mn/kg body weight/day); high-dose drinking water (AIN-93G diet with 10 ppm Mn diet and drinking water supplemented with MnCl 2 to achieve daily intake equivalent to the 200 ppm Mn diet group); and high-dose gavage (AIN-93G diet with 10 ppm Mn diet and once-daily gavage to achieve a daily intake equivalent to the 200 ppm Mn diet group). Nominal Fe, Cu, and Zn concentrations in the AIN-93G diet were 40, 6.0, and 35 ppm, respectively. After 7 or 61 exposure days, rats were euthanized and serum, bile, liver, spleen, femur, frontal cortex, striatum, and cerebellum were collected, flash-frozen, and stored at -80°C until digestion. In the present study, harvested samples were analyzed further for Fe, Cu and Zn levels by graphite furnace atomic absorption spectrometry (GF-AAS) using previously described methods (Foster et al. 2015) . Statistical outliers were identified using Hoaglin and Iglewicz resistant rules for outlier labeling with k = 2.2 (Hoaglin and Iglewicz 1987) . Tissue metal concentrations at each time point were inter-compared for each exposure group using one-way analysis of variance (ANOVA), using Dunn's or Dunnett's method in SigmaPlot 12.5. Additionally, Student's t test was performed in Excel to determine if the 61 day exposure values differed significantly from the 7 day exposure values (P \ 0.05). Outlier labeling and standard error of the mean were calculated in Excel 2013. Tissue and fluid Mn concentrations were previously reported (Foster et al. 2015) .
Results
Cu, Fe, and Zn tissue concentrations in Mn-exposed rats are presented in Table 1 and Supplementary  Tables 1 and 2 . Depending on the exposure regimen, high dose Mn exposure resulted in multiple (3-6) tissues with altered Cu levels, 2-4 tissues with altered Zn levels, and 1-2 tissues with altered Fe levels suggesting that Mn exposure most broadly affected tissue Cu levels. Gavage Mn exposure altered metal levels in more tissues than did either high-dose dietary or drinking water Mn exposure, consistent with our previous observation that gavage resulted in the greatest number of tissues with altered Mn levels (Foster et al. 2015) .
Cu, Fe and Zn levels in the liver were significantly affected by high dose Mn exposure. Following the 7 day Mn exposure, liver Mn and Cu levels were increased in all high dose Mn-exposed groups while Fe and Zn levels were only increased in the gavageexposed rats (Fig. 1a) . Following the 61 day Mn exposure, Mn levels remained increased in all Mnexposed groups while Cu, Fe, and Zn levels for all Mnexposed groups had normalized (Fig. 1b) . Following the 7 day Mn exposure, when liver Cu levels were increased in all Mn-exposed groups, bile Cu levels were decreased in diet-and gavage-exposed groups. After 61 days of Mn exposure, liver Cu levels for all Mnexposed groups had normalized and bile Cu levels were increased in the gavage-exposed rats (Fig. 2) . Mn levels were increased in the liver of all Mn-treated rats at 7 days, but in contrast to Cu levels, remained increased at 61 days (Foster et al. 2015) . These results suggest a novel or at very least an underappreciated relationship between Mn and Cu hepatobiliary metabolism.
Another well-known target tissue of Mn exposure is the frontal cortex. For example, following Mn exposure, this dopaminergic region of the brain exhibits alpha-synuclein aggregation, a defining pathological feature of Parkinson's disease (Verina et al. 2013 ). In our study, the frontal cortex showed accumulation of Cu, Fe, and Zn after 61 day gavage exposure, but there were no changes in Cu, Fe, or Zn levels following 7 day exposure (Fig. 3, Supplementary Tables 1 and  2 ). Potential implications of this finding are discussed below.
Also observed in our study were changes in several tissue metal concentrations between the 7-and 61 day control groups. Liver Fe, spleen Mn, Fe, and Cu, femur Fe, Cu, and Zn, serum Fe and Zn, bile Mn, frontal cortex Cu and Zn, striatum Mn and Zn, and cerebellum Mn, Fe, Cu, and Zn levels all increased between the 7-and 61 day control groups (Table 1, Supplementary  Tables 1 and 2 ). This phenomenon has been previously reported in rats in spleen and brain (Borràs 1998; Tarohda et al. 2005 ).
Discussion
The objective of this study was to determine if Mn exposure affects tissue levels of other essential metals. To accomplish this, Cu, Fe, and Zn levels were (9) 1.06 ± 0.03 (9) a 1.03 ± 0.02 (9) a 0.99 ± 0.02 (11) a 61 0.92 ± 0.04 (9)* 1.01 ± 0.03 (9) 1.14 ± 0.06 (9) a 1.05 ± 0.02 (10) Liver 7 4.57 ± 0.06 (7) 5.91 ± 0.13 (8) ab 6.53 ± 0.17 (9) ab 7.08 ± 0.21 (11) ab 61 4.68 ± 0.19 (9) 4.77 ± 0.26 (9) b 4.31 ± 0.10 (9) 4.80 ± 0.10 (9) b Data are presented as mean ± SEM. Number of samples are indicated in parentheses * Significant change in Cu levels (P \ 0.05 by Student's t test) in control group at 61 versus 7 days a P B 0.05 for Cu levels versus controls by ANOVA measured in tissues collected during our previous pharmacokinetic study in which male Sprague-Dawley rats were treated with 11.1 mg Mn/kg/day through either diet, water, or gavage for 7 or 61 exposure days (Foster et al. 2015) . In the original study, no adverse clinical effects were seen but gavage-treated groups presented an approximate doubling in Mn concentration in brain regions. The rate at which tissues reached steady-state levels differed by tissue, possibly due to tissue-specific differences in metal storage capacity (Nong et al. 2009 ). Mn exposure through diet and water affected fewer tissue Mn levels when compared with gavage. Similarly, in the current study, Mn gavage impacted Cu, Fe and Zn levels in a greater number of tissues compared to dietary and drinking water exposure. One of the affected tissues was frontal cortex, a region known to exhibit neuronal degeneration and other pathologies following in vivo Mn exposure in non-human primates (Guilarte et al. 2008) . Notably, oral Mn exposure in rats has recently been shown to influence Cu, Fe and Zn levels in other brain regions (Mullin et al. 2015) . Metal excess in frontal cortex after Mn exposure may have implications for the interpretation of magnetic resonance imaging (MRI) findings following Mn exposure. As Mn is paramagnetic, high signal intensities in T1-weighted MRIs have been used as a biomarker for brain Mn accumulation (Fitsanakis et al. 2006) . Since Cu and Fe are also paramagnetic, MRI hyperintensities may not solely reflect brain Mn accumulation in Mn-exposed patients (Moldovan et al. 2013 ). Investigating the effect of Mn on other essential metals is also important for understanding the potential effects of Mn injections used for Mn-enhanced MRIs on homeostasis of other essential metals (Moldovan et al. 2013 (Jomova et al. 2010; Salvador et al. 2010; Dusek et al. 2015) suggesting that neurologic effects seen in people with manganism may be complicated by Mn interactions with other essential metals. Our analysis also revealed that Cu levels were increased in liver in diet-, water-, and gavage-exposed groups but decreased in the bile in diet-and gavageexposed groups after 7 days of exposure. By 61 days, Cu levels had normalized in liver but increased in bile in gavage-exposed rats. This result may suggest a novel relationship between Mn and Cu hepatobiliary excretion. One possibility is liver Mn excess impedes hepatobiliary Cu excretion, resulting in liver Cu excess and bile Cu deficiency. Although hepatobiliary Mn and Cu excretion are not known to share common molecular mechanisms, previous studies have shown that Mn exposure results in an increase in RNA levels of Cu influx protein CTR1 and a decrease in RNA levels of Cu efflux proteins ATP7A and ATP7B in the blood brain barrier and blood-CSF barrier using in situ brain infusion in Sprague-Dawley rats (Zheng et al. 2012; Fu et al. 2014) . In the present study, quantitative PCR did not detect altered liver CTR1, ATP7A or ATP7B RNA levels between control or gavageexposed rats after 7 days (data not shown). A potential relationship between Mn and Cu hepatobiliary excretion is not well understood and may warrant further study.
